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Abstract 
Cylindrical specimens of Inconel 713LC in as-received condition and with surface treatment by Al-Si diffusion coating were 
cyclically strained under strain control at 800 °C in air. Changes in the shape and size of the superalloy precipitates during the 
surface treatment are documented. The structural and hardness characteristics of the hardened surface layer are presented. 
Hardening/softening curves, cyclic stress-strain curves, and fatigue life curves are obtained. The sections parallel to the specimen 
axis and fracture surfaces have been examined to study fatigue damage mechanisms. The coating results in fatigue life 
improvement while the stress response of the treated material is lower in comparison with the untreated one. 
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1. Introduction 
Cast polycrystalline nickel base superalloy Inconel 713LC is used for gas turbine blades and integral wheels in 
aircraft and surface transport industry. High temperature performance of the material can be improved with 
protective coatings to resist better to the degradation under demanding service conditions. One class of protective 
surface modifications is diffusion coatings that change chemical composition of the surface layer and a diffusion 
zone is developed between the coating and the substrate [1-5]. 
Widely used diffusion coatings are based on the saturation of the superalloy surface layer with aluminum and 
with aluminum in combination with other elements, e.g. chromium, silicon and platinum that increase the hot 
corrosion resistance and improve the service life of coated components. However, data on Al and Si co-deposition to 
form silicon modified Al diffusion coating on nickel based superalloys are limited [3,6]. Complex loading in the 
course of the high temperature operation can impair the integrity of coating and coating-substrate interface. The 
ability of a coating to tolerate strain can be expressed using the ductile-to-brittle transition temperature (DBTT) 
concept [1,3]. Above the DBTT, the coating ductility begins to increase and below the DBTT the coating is brittle. 
The DBTT for Si modified Al diffusion coating for nickel base superalloy was obtained for several coating 
compositions by Zhang et al [7]. 
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The influence of diffusion coatings on the fatigue life of superalloys is ambiguous [7-10]. Detrimental effect is 
reported at high strain amplitudes while fatigue lives become longer at low strain amplitudes in Al diffusion coating 
of René 80 [8]. The application of Pt modified Al diffusion coating to CMSX-4 resulted in fatigue life reduction at 
500 °C and in fatigue life increase at 900 °C while fatigue life decrease was found in material SCB at both 
temperatures [9]. The latter coating on Inconel 738LC led to fatigue life diminution at 850 °C in comparison with 
the uncoated material [10]. Zhang et al [7] reported different fatigue damage mechanisms at temperatures higher 
than DBTT from those at temperatures lower than DBTT for Si modified Al diffusion coatings.  
The objective of the present work was to study the low cycle fatigue behavior of cast nickel-based superalloy 
Inconel 713LC in as-received conditions and coated using surface treatment by an Al-Si diffusion deposition at 
800 °C in air. The study of the effect of the surface treatment on the precipitate structure, the observation of the 
specimen sections, and fracture surface examinations contribute to elucidate the differences in the fatigue behavior 
of the coated and uncoated material. 
2. Experimental details 
Inconel 713 LC polycrystals were supplied by PBS, Velká Bíteš a.s. as conventionally cast rods. Chemical 
composition (in wt.%) was: 12.08 Cr, 5.91 Al, 4.58 Mo, 2.02 Nb, 0.75 Ti, < 0.10 Fe, 0.10 Zr, < 0.05 Co, 0.05 C, 
0.010 B, Ni bal. Microstructure of the material is characterized by coarse grains with dendrites and shrinkage pores 
being rarely up to 0.9 mm in diameter. The average grain size, found using the linear intercept method, was 4.6 mm. 
Low cycle fatigue tests were performed on button-end specimens having gauge length and diameter of 15 and 6 
mm, respectively [11]. Specimens were machined parallel to the rod axis and their gauge length was mechanically 
ground. One half of specimens were polished with diamond paste and a suspension of Al and Si was deposited on 
the gauge length using air pump spraying. Then, the specimens were annealed in protective argon atmosphere at 
1000 °C for 3 hours followed by slow cooling.  
Surface treated and untreated specimens were fatigued in a computer controlled electro-hydraulic testing system 
at total strain rate of 2x10-3 s-1 with fully reversed total strain cycle (Rİ = -1) at 800 °C in air. Heating was provided 
by a three-zone resistance furnace and monitored by three thermocouples attached to both specimen ends and to the 
upper part of the gauge section. Strain was measured and controlled using sensitive extensometer with 12 mm base. 
Hysteresis loops for selected numbers of cycles were recorded in disk memory. Plastic strain amplitude derived 
from the half of the loop width and stress amplitude at half-life were evaluated.  
The micro-hardness was measured in LECO 400M-PC2 indentation tester equipped with the Vickers indenter 
using a load of 0.05kgf (0.49 N). Light microscopy (LM) and scanning electron microscope (SEM) Philips XL30 
were used to study surface relief, fracture surfaces and polished section of the gauge segment cut parallel to the 
Fig. 1. Microstructure of a coated specimen in the section perpendicular to the specimen surface. Outer layer (OL), diffusion zone (DZ), and 
substrate (S) 
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specimen axis. The chemical analysis and phase composition of the diffusion coating was investigated with energy 
dispersion X-ray spectrometer EDAX built in SEM and using the diffractometer Philips X´PERT equipped with a 
conventional X-ray tube. Effect of heat treatment on the material structure in the course of the surface layer 
deposition was inspected with LM and SEM and selected images were recorded. The images were evaluated using 
an image analysis (OLYMPUS Analysis five).
3. Results and discussion 
3.1. Surface layer characterization and substrate microstructural changes during the coating deposition 
Figure 1 shows the LM image of the section perpendicular to the surface of the coated specimen. The Al-Si 
diffusion coating consists of an outer layer (OL) and a diffusion zone (DZ) and is rich in Al and Si. The total 
thickness of the coating ranges in the interval of 40 to 55 μm. The micro-hardness was measured on the section 
perpendicular to the specimen axis. It is equal 580 HV 0.05 in the outer layer, 600 HV 0.05 in the diffusion zone and 
approximately 350 HV 0.05 in the substrate (Inconel 713LC). The higher micro-hardness in the diffusion zone in 
comparison with the outer layer is in agreement with the data by Zhang et al [7] obtained in Al-Si coating for a 
directionally solidified nickel base superalloy. 
The effect of the annealing applied during the diffusion coating on the structure of precipitates in the basic 
material was studied in polished flat specimens. SEM images of the same area in a grain were obtained before and 
after the simulation of the thermal treatment corresponding to the coating process described in the section 2. The 
images were evaluated using image analysis program. Small changes in the particle shape and size were identified. 
The maximum particle diameter increased from (1.33 ± 0.01) μm to (1.37 ± 0.01) μm, the aspect ratio (quotient of 
the particle length and width) increased from (1.72 ± 0.01) to (1.90 ± 0.01), and the particle area enlarged from 
0.65 μm2 to 0.71 μm2. The results show a tendency of precipitates to elongation and coarsening during the 
exposition of Inconel 713LC to temperature 1000 °C. 
3.2. Stress response 
Figure 2 shows the stress amplitude ıa as a function of the number of cycles N obtained for both treated and 
untreated specimens cycled at 800 °C. The character of these hardening/softening curves is similar in both materials 
and varies with strain amplitude. The initial hardening is followed by saturation and softening at high amplitudes 
while the low amplitude cycling results in the initials hardening followed by saturation up to the end of the fatigue 
life. The hardening becomes more pronounced with increasing strain amplitudes.  
Fig. 2. Fatigue hardening/softening curves of the uncoated (a) and coated (b) Inconel 713LC 
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Inconel 713LC is characterized by the coarse grain size – see section 2. Therefore, only several grains are present 
in the volume of the specimen gauge length. Thus, the measured elastic modulus on individual specimens differed 
appreciably, e.g. the measured values of elastic modulus at 800 °C were in the interval of 139 to 187 GPa. The 
difference in the moduli of specimens strained with similar total strain amplitude results in the difference of their 
stress response. Namely, the stress amplitude at half-life of a specimen strained with İa = 0.46 % (0.39 %) is about 
100 MPa (70 MPa) higher than that of a specimen strained with İa = 0.47 % (0.40 %) - see Fig. 2a (Fig. 2b). 
Cyclic stress-strain curve (CSSC) of the uncoated and coated material is shown in Fig. 3. The stress amplitude ıa
is plotted vs. the plastic strain amplitude İap at half-life. Experimental data were approximated by the power law 
log ıa = log K´ + n´ log İap.  (1) 
Fatigue hardening coefficient K´ and fatigue hardening exponent n´ were evaluated using linear regression 
analysis and are shown together with standard errors in Table 1. The stress-strain response of both materials is 
similar at high amplitudes and differs at low amplitudes. Two competitive effects can help to explain the stress-
strain behavior. The almost double hardness of the coating in comparison with the basic material increases the stress 
response of the coated superalloy. On the other side the coarsening of the material structure can result in softening. 
The latter effect is less pronounced at high amplitudes where the plastic strain is also accommodated in persistent 
slip bands [12,13].  
Table 1. Parameters of cyclic stress-strain, Manson-Coffin, and Basquin curves of coated and uncoated Inconel 713LC 
Uncoated Coated
  K´ (MPa) 2090 + 430 
          - 360 
2950 + 500 
          - 430 
  n´ 0.140 ± 0.018 0.189 ± 0.017 
´
fH
  c 
´
fV (MPa) 
  b 
0.29 + 0.46 
         - 0.19 
- 1.15 ± 0.12 
1900 + 290 
          - 250 
0.170 ± 0.018 
0.07 + 0.24 
         - 0.06 
- 0.82 ± 0.17 
1790 + 400 
          - 320 
0.152 ± 0.023 
uncoated
Al-Si coating
Fig. 3. Cyclic stress-strain curve of the coated and uncoated Inconel 713LC 
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3.3. Fatigue life 
Fatigue life curves of the surface treated and untreated superalloy are plotted in Fig. 4. Figure 4a shows the 
plastic strain amplitude İap at half-life vs. the number of cycles to fracture Nf in the bilogarithmic representation. 
Manson-Coffin law 
Y = (X - log f
´H ) / c (2) 
where Y = log 2Nf and X = log İap is fitted to experimental data. Non-linear regression analysis is applied to evaluate 
parameters f
´H and c that are shown together with their standard errors in Table 1. Fatigue life curves in the 
representation of the stress amplitude ıa at half life vs. the number of cycles to fracture Nf are shown in Fig. 4b. The 
Basquin law expressed in the form 
Y = (Z – log ´fV ) / b (3) 
where Y = log 2Nf and Z = log ıa is used to fit experimental data and evaluate the fatigue strength coefficient ´fV  and 
the fatigue strength exponent b whose values are shown in Table 1. It can be seen from Fig. 4 that the Al-Si 
diffusion coating improves the fatigue life of Inconel 713LC. The improvement increases with decreasing 
amplitude. The improvement is apparent in both curves, in the case of the Manson-Coffin curve (Fig. 4a) the 
improvement is appreciable while the Basquin curves of both materials are within the experimental scatter almost 
identical (Fig. 4b). 
3.4. Specimen sectioning and fracture surface  
Figure 5 shows an optical micrograph of the etched section parallel to the loading axis of a coated specimen 
cycled to fracture (İa = 0.19 %, Nf = 74400 cycles). It can be seen from Fig. 5 that a fatigue crack goes through the 
coating to the substrate and stops here. Some cracks were also observed to terminate within the diffusion coating 
layer. Observations of etched sections of fatigued specimens showed that the surface crack initiation occurred both 
in coated and uncoated Inconel 713LC at all strain amplitudes studied. The frequency of cracks initiated at the 
surface and propagated to the substrate is higher than that observed in uncoated specimens at the similar strain 
amplitudes. Therefore, the surface crack initiation is more homogeneous in the coated material. 
Figure 6 shows the fracture surface of a coated specimen cycled to fracture with İa = 0.24 %. Subsurface crack 
initiation from defect present in the material is clearly visible (the subsurface crack area is denoted SCI in Fig. 6). 
uncoated
Al-Si coating
uncoated
Al-S i coating
Fig. 4. Fatigue life curves of the coated and uncoated Inconel 713LC; (a) Manson-Coffin and (b) Basquin diagram 
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Fig. 5. Fatigue crack growing from the surface to the substrate of a 
coated specimen. Optical micrograph of the section perpendicular to 
the surface  
Fig. 6. Fracture surface of a coated specimen with subsurface f
crack initiation (denoted SCI). Optical microscope  
atigue 
Fracture surface observation reveals that casting defects represent one of the crack initiation sites both in surface 
treated and untreated Inconel 713LC. The subsurface fatigue crack initiation proves to be frequent particularly in the 
high cycle fatigue of the material [14]. In uncoated material, the main crack originates at casting defects close to the 
specimen surface. The stress concentration due to a defect with the assistance of a corrosive environment at high 
temperature results in surface crack initiation and its accelerated growth.   
Present results show that Al and Si codeposition by low pressure spraying increases fatigue life of Inconel 
713LC. Particularly the Manson-Coffin curve of the coated material is shifted to higher fatigue lives in comparison 
with that of the uncoated superalloy – see Fig 4. The more homogeneous crack nucleation at the surface of the hard 
coating resistant to oxidation, more difficult initiation in the substrate free of oxygen attack and slow propagation of 
subsurface cracks in comparison with surface ones can help to explain the beneficial effect of the surface treatment. 
Moreover, the fact that the DBTT for several Al-Si coating composition is around 600 °C [7] and that the harder 
coating is strained predominantly elastically and the plastic strain mostly accommodates in the substrate contributes 
to the fatigue life improvement. Nevertheless, the correlation between the fatigue properties of the bulk coating 
material and the superalloy Inconel 713LC is desirable. 
4. Conclusions 
The following conclusions can be drawn from the study of low cycle fatigue behavior and microstructure 
development of Inconel 713LC in as-cast condition and with Al-Si diffusion coating: 
(i) Inconel 713LC shows small coarsening and elongation of precipitates in the course of the Al-Si codeposition 
procedure. 
(ii) The stress response at half-life of the coated material is lower than that of the uncoated superalloy at the same 
strain amplitude. 
(iii) The Al-Si diffusion coating has beneficial effect on the fatigue life of Inconel 713LC. Manson-Coffin curve 
of the coated material is shifted to the higher fatigue life in comparison with the uncoated one. 
(iv) Fatigue cracks initiate at the surface and in the subsurface region both of surface treated and untreated 
superalloy. Surface crack initiation is more homogeneous in the treated material. 
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